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ABSTRACT: Factors controlling the spatial distribution of benthic sulfate reduction (SR) were investi-
gated at 3 stations {upper (UB}, mid (MB} and lower bay (LB)] along the Chesapeake Bay {eastern USA)
central channel from early spring through late fall, 1989 to 1994. Annual rates of 0 to 12 cm depth-
integrated SR were 0.96, 9.62 and 6.33 mol S m™? yr! for UB, MB and LB, respectively, as calculated
from #°S0O,%" incubations. SR was carbon limited at UB, LB, and at the sediment surface at MB, and
SO,2" limited at depth at MB. Temperature explained 33 to 68 % of the variability in annual rates, with
an apparent influence on SR which increased in the seaward direction in surface sediments. We spec-
ulate that the enhanced response of SR to temperature in LB surface sediments was linked to seasonal
vanations in macrofaunal activity associated with temperature. Estimates of reduced-S burial indicated
that only 4 to 8% of sulfur reduced annually was buried as Fe-S minerals at MB and LB, with the
remainder presumably being reoxidized. In contrast. >50% of the sulfur reduced annually was buried
at UB, due to comparatively low SR rates and the high concentration ot reactive iron in the oligohaiine
region. SR mineralized 18 to 32 % of the annual primary production. Our results indicate that organic
quality may be more important than the absolute quantity of organic loading in dictating the magni-
tude of benthic SR rates along an estuarine gradient. Spatial trends in SR reflected the combined influ-
ence of deposited organic matter quality and quantity, SO,*" availability, the presence or absence of
benthic macrofauna, overlying water dissolved O, conditions, reduced-S reoxidation dynamics, and

iron-sulfide mineral formation.
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INTRODUCTION

Estuarine and shallow coastal environments charac-
teristically exhibit a large net flux of organic matter
deposited to the benthos (Wollast 1983). Dissolved O,
is rapidly depleted and aerobic respiration is limited to
a narrow zone (<5 mm) at the surface of non-biotur-
bated sediments (Revsbech et al. 1980, Andersen &
Helder 1987). Consequently, anaerobic respiration
plays an important role in organic mineralization,
nutrient regeneration, and benthic-pelagic coupling in
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these systems (Jargensen 1977, Serensen et al. 1979,
Canfield 1989). Due to the relative scarcity of suitable
electron acceptors for Fe reduction, Mn reduction, and
denitrification, sulfate reduction (SR) and methano-
genesis are the primary pathways of marine benthic
anaerobic respiration (Capone & Kiene 1988), with the
former out-competing the latter for mutually used
organic substrates and H; (Oremland & Polcin 1982).
The extent of C flow through SR varies spatially in
natural systems, both regionally and with sediment
depth. Environmental factors which can account for
this variability include: temperature (Westrich & Ber-
ner 1988), organic quality (Westrich & Berner 1984),
electron donor and acceptor availability (Nedwell &
Abram 1979, Boudreau & Westrich 1984), sedimenta-
tion rate (Berner 1978), redox conditions (Skyring
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1987) and bioturbation (Hines et al. 1982, Bussmann &
Reichardt 1991). While individually these controls
have been considered in detail, a more integrated view
of their combined effect and potential interaction is
needed in order to explain the spatial and temporal
trends of anaerobic metabolism observed in natural
systems. As part of the 6 yr (1989 to 1994) Land Margin
Ecosystem Research (LMER) program, we repeatedly
measured SR and auxiliary parameters at 3 benthic
sites, representing 3 distinct salinity regimes (oligoha-
line, mesohaline, and polyhaline), along the central
channel of the Chesapeake Bay (eastern USA).

Here we describe the spatial trends in benthic SR
along the estuarine gradient and with sediment depth,
and explore the factors which control SR rates in these
2 dimensions. We also assess which factors control the
spatial differences in (1) the apparent temperature
influence on SR, (2) reduced-S burial and reoxidation
and (3) annual primary production consumed via SR.

METHODS AND APPROACH

Sampling. The 3 benthic sites (upper, mid and lower
bay- UB, MB, and LB) were all located on the western
slope of the Chesapeake Bay central channel (Fig. 1).
The coordinates for these stations were: UB,
39°20.9'N, 76°10.9'W; MB, 38°34.1'N, 76°26.6'W,
and LB, 37°16.1'N, 76°09.0' W Average water column
depths were 10, 15, and 12 m, respectively. During the
first study year (1989), sampling was conducted
monthly, from March to November (excluding Octo-
ber), in order to discern overall seasonal trends. Subse-
quently, 3 to 5 annual cruises were timed to include
spring, summer and fall periods at least once per year
at each site.

Sediment and pore water processing. Sediment box
cores (9 x 16 x 34 cm) were collected and stored in cool-
ers filled with ambient bottom water until further ship-
board processing The top 16 to 20 cm of one core was
sampled at 0.5 to 2 cm intervals for
porosity, total organic matter (TOM),
and pore water SO,27, CI, and free sul-
fide (XH,S) (MB only). Two subsamples

were taken from either side of the ver-
tical center of each depth interval,
using a plastic syringe (1 or 3 cm?’) with
the needle end cut off, and transferred
into pre-weighed serum vials, crimp
sealed, and stored frozen until subse-
quent analysis of porosity and TOM.
Two 50 ml plastic centrifuge tubes
were filled with the remaining sedi-
ment while continually flushing with
N, gas (MB only) to minimize reduced
sulfur oxidation. After centrifugation,
pore water supernatant (5 to 15 ml) was
filtered through pre-combusted What-
man GF/F filters into pre-combusted
glass scintillation vials. For MB sam-
ples, pre-weighed wvials contained
0.5 ml of 10% (w/v) zinc acetate to pre-
cipitate any free sulfide as ZnS. Pore
water samples were stored frozen until
later analysis of SO,%7, CI, and ZH,S.
Porosity was calculated from the dif-
ference in the wet and dry sediment
weights, after drying samples over-
night at 80°C, and assuming constant
pore water and dry sediment densities
of 1.0 and 2.6 g ml™!, respectively. Sam-
ples were then combusted at 475°C for
a minimum of 6 h, and TOM was calcu-

77° 76°

Fig. 1. Chesapeake Bay, USA, indicating the LMER benthic sites

lated as the % loss dry weight. The pre-
viously 'fixed’ MB pore water samples
were homogenized and the ZnS pre-
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cipitate was subsampled and assayed for ZH,S (Cline
1969). The remaining pore water was filtered (What-
man GF/F), and pore water SO,% and Cl” were mea-
sured on a Dionex (Model 20201} ion chromatograph
with conductivity detection.

Additional surface sediment (top 1 cm) was collected
and stored frozen. Particulate carbon (PC}) and particu-
late nitrogen (PN) were analyzed via thermal conduc-
tivity detection with a Perkin-Elmer 240-XA Elemental
Analyzer. Chlorophyll a (chl a) was analyzed fluoro-
metrically (Strickland & Parsons 1972). Sediment redox
(Eh) profiles (0 to 10 ¢m) were measured as described
by Cowen & Boynton (1996). Bottom water dissolved
O,, temperature and salinity were measured using a
Seabird conductivity, temperature and depth sensor
(CTD), or a Hydrolab 4000 temperature, O,, and salin-
ity probe.

Sulfate reduction rates and reduced sulfur pools.
Duplicate subcores were taken with polycarbonate cor-
ing tubes (2.5 ¢m i.d. x 20 ¢m) from a separate single
box core. The depth of bottom water overlying the sed-
iment surface was adjusted to 1-3 ¢cm. Subcores were
sealed full with bottom water and stoppered at the top
when dissolved O, conditions were hypoxic or anoxic,
and left open at the top when bottom water was O, re-
plete, to approximately maintain the original bottom
water dissolved O, conditions during incubation.
Depth-specific SR rate constants were measured
throughout the top 12 cm of sediment at 2 cm intervals
using a whole core *SO,* radiotracer method (Jor-
gensen 1978) as modified by Roden & Tuttle (1993a).
Following radiotracer injection, cores were incubated
onboard for 4 h in a cooler with bottom water at in situ
temperatures. Incubations were initiated within 2 h of
sediment collection and terminated by injecting 0.5 ml
of 10% Zn acetate into the original points of radiotracer
addition. Subcores were stored frozen until further pro-
cessing, which was generally completed within 1 mo.

Frozen sediment cores were sectioned into 2 cm
intervals. Total (inorganic) reduced **S (TRS) in each
segment was liberated during a 1 h acidic reduced-
chromium distillation, using O,-free N, as the flushing
gas. H,S gas was trapped as ZnS, by bubbling through
a 10% Zn acetate solution (Zhabina & Volkov 1978).
Typically, cores were assayed for TRS only. On 6 sam-
pling dates (March, April, May and August 1989, and
April and July 1994) both inorganic acid volatile sulfur
(AVS) and non-acid volatile sulfur (NAVS) fractions
were analyzed independently (Roden & Tuttle 1993a).
Duplicate aliquots of ZnS from each fraction were
assayed for radioactivity via liquid scintillation count-
ing. Sample quench was corrected using external
quench standards. Zero order SO4* turnover rate
constants (k) for each 2 cm depth interval were calcu-
lated as:

ke = Nyx Ny lxt! m

where k. is the turnover rate constant at depth x (d!),
Npg Is the activity of trapped Zn*’S at depth x (dpm),
corrected for radioisotope decay during storage, N, is
the original injection 3°SO,” activity (dpm), and { is the
incubation time (d). SR rates for each 2 cm depth inter-
val were calculated as:

SR, = k, x[SO4* ), x ¢, x20 (2)

where SR, is the sulfate reduction rate at depth x
(mmol m™2 d7'), [SO,%7], is the pore water SO,*" con-
centration at depth x (mmol I"'), ¢, is the porosity at
depth x, and the constant 20 converts from volume to
area for a 2 cm deep interval. The 0 to 12 cm depth-
integrated SR rate (SRi;) was calculated as the sum of
the six 2 cm intervals. The concentration of in situ TRS
{or AVS and NAVS individually) was also measured in
duplicate for each depth interval by taking a second
set of aliquots of the ZnS precipitate and assaying
colorometrically (Cline 1969). The incorporation of re-
duced %S into organic fractions was not assessed.

Annual-integrated SR rates and temperature model.
Site-specific annual (March to November) integrated
SR rates were calculated by summing the average
monthly SR rates for this period (Method A) or by using
an Arrhenius type temperature model (Method B)
(Roden & Tuttle 1993a). In the second case, a tempera-
ture model function was fit to bottom water tempera-
ture data, such that:

Tt) = Ty +0.5x(Ty- T) x[1 ~cos(2nt/365 - 2nQ/365))]
(3)

where t is time (Julian day), T; and T, are the annual
minimum and maximum temperatures (°C), respec-
tively, and Q is the Julian date of minimum tempera-
ture (Rice 1986). The shallower UB site was often 3 to
5°C warmer than the deeper MB and LB sites, while
the difference between MB and LB was generally less
than 1 to 2°C on any given sampling cruise. Conse-
quently, the temperature model was fit to the com-
bined data from MB and LB, and to UB data separately.

A regression, with the same form as the linear Arrhe-
nius equation, was fit to the SR and temperature data:

In[r(t)] = (-C/R)x T-' + In(4) (4)

where r(t) is the areal SR rate (mmol SO~ m™2d™Yy, T
1s temperature (K}, A is a pre-exponential factor, C; is
the temperature characteristic (kJ mol™'), and R is the
gas constant (0.008314 kJ mol! K™!). C, and A values
were calculated from the regression slope and y-inter-
cept, respectively. Daily SR rates were calculated for
Julian days 61 to 334 (March 1 to November 31) using
C,and A values calculated from Eq. (4) and daily tem-
peratures predicted from Eq. (3). Annual SR rates were
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calculated from the integration of these model-
predicted daily rates over the defined time period.

The parameter C, is not the same as the activation
energy (E,) derived from kinetic theory and calculated
from the true Arrhenius equation, which describes the
energy input required for a chemical reaction to
proceed (Brady & Humiston 1982). Nor is it the same as
the E, adapted to microbial enzyme kinetics studies,
whereby reaction rates of the same microbial popula-
tion are measured for a range of incubation tempera-
tures (Abdollahi & Nedwell 1979, Westrich & Berner
1988, Swider & Mackin 1989). The C, described here,
while calculated in the same fashion and having the
same units as E,, differs in that the SR rate and bottom
water temperature data used in Eq. (4) were collected
over many sampling periods, and therefore it does not
represent a measure of cellular enzyme Kkinetics
explicitly. C, reflects the response of SR not only to
temperature, but also to factors that covary with tem-
perature, such as changing microbial populations, sed-
iment redox conditions, organic loading, the influence
of alternative electron acceptors, and bioturbation.
Thus, C; implicitly includes the complex and often
unquantifiable suite of temperature-dependent biotic
and abiotic reactions that mediate SR. Recognizing this
important distinction, we use this approach as an inte-
grated measure of the direct and indirect temperature
influence on SR, and to compare our results with previ-
ous investigations that have assessed time-integrated
SR in a similar manner (Jergensen 1977, Crill &
Martens 1987, King 1988, Westrich & Berner 1988,
Roden & Tuttle 1993a).

RESULTS
Biogeochemical site characterization

The 3 benthic sites (UB, MB, and LB; Fig. 1) differed
in salinity regime, sediment type, biogeochemical pool
size, infauna, and in the quality and quantity of organic
carbon deposition to the benthos. Fig. 2 summarizes
mean values of relevant site-specific biogeochemical
data.

Site UB was characterized by low-salinity (Fig. 2a},
oxygenated bottom water overlying silty-clay sediment
(Hill & Halka 1988) which was well oxidized (positive
Eh values; Fig. 2¢} with a 1 to 3 cm brown surface layer
overlying a gray/black deeper layer. A diverse benthic
community of bivalves and polychaetes was regularly
observed at this site. Autochthonous primary produc-
tion in this region of the Bay is light limited due to sed-
iment resuspension and high concentrations of water
column suspended solids transported by the Susque-
hanna River (Biggs & Flemer 1972, Harding et al.

1986). This was reflected in the substantially lower sur-
ficial sediment chl a concentration at UB as compared
with MB and LB (Fig. 2g). Site-specific PC/PN ratios
(Fig. 2f) indicated that UB benthic deposition has a
substantial terrestrial component relative to the 2
down-bay sites (Biggs & Flemer 1972, Hennessee et al.
1986). PC/PN ratios are often used as an indicator of
organic matter lability, with increasing ratios associ-
ated with decreasing lability due to the larger fraction
of structural C based components (Hedges et al. 1986,
Hedges et al. 1988, Peterson et al. 1993). That a sub-
stantial fraction of terrestrial organic matter was
deposited to the UB benthos was further confirmed by
the low §C value (<-25%0; Fig. 2k) at UB, compared
to MB and LB, as land plants typically have a lower
8'3C signal than do phytoplankton {Quay et al. 1992).
This trend, of decreasing §'°C values and increasing
C:N ratios, going from marine to terrestial end-mem-
bers, is a common feature of estuaries (Cifuentes et al.
1988, Matson & Brinson 1990).

Site MB sediment was gray/black in appearance and
strongly reducing (Fig. 2c}, with a thin (<1 cm) brown
surface layer apparent only in early spring or late
autumn. MB sediments were also comprised of silty-
clay (Hill & Halka 1988) with high concentrations of
TOM (Fig. 2j), PC (Fig. 2d), PN (Fig. 2e), and chl a
(Fig. 2g). These variables, along with the low PC/PN
ratio (Fig. 2f) and comparatively high 3'°C value
(Fig. 2k), confirm that the primary source of organic
matter to the mesohaline benthos is phytoplankton
detritus (Schubel & Biggs 1968, Biggs & Flemer 1972).
Seasonally hypoxic/anoxic bottom water conditions
were frequently observed at MB, particularly during
July and August (Boynton et al. 1991, Cowen & Boyn-
ton 1996). While some bivalve spat settled at MB dur-
ing early spring, all forms of viable macrofauna were
absent by early summer due to the strong reducing
conditions and lack of O, (Holland et al. 1977, Holland
1985). Thus, no appreciable bioturbation is thought to
have occurred at MB during the majority of the sam-
pling period.

Site LB sediment was composed of low porosity
(Fig 2b) silty-sand (Hobbs 1983). The low PC/PN
(Fig. 2f) and high §'3C (Fig. 2k) values indicate that,
like MB, phytoplankton is the primary source of
organic matter deposited to this site. Allochthonous
total organic carbon comprises only 3 to 4% of total
organic carbon inputs to both MB and LB (Kemp et al.
1997). However, the lower TOM (Fig 2j), PC (Fig. 2d),
PN (Fig. 2e), and chl a (Fig. 2g) values at LB compared
to MB suggest that (1) less particulate organic matter
(POM) is deposited to the benthos, (2) the conversion of
POM to dissolved organic matter (DOM) and sub-
sequent mineralization is more rapid at LB, and/or
(3) macrofaunal mixing dilutes the fresh POM pool in
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LB surface sediments. Large leathery worm tubes (10
to 20 cm in length), constructed by the suspension-
feeding polychaete Chaetopterus variopedatus (Nancy
Mountford pers. comm.), were abundant in LB sedi-
ment. The tube ventilating activity of these poly-
chaetes mixes oxygenated overlying bottom water to
depth in the sediment, resulting in an oxidized benthic
substrate (Fig. 2¢). Both bioturbation at UB and worm
tube ventilation at LB can have a significant effect on
O, penetration, redox potentials, solute and particle
transport, and microbial metabolism in the local ben-
thos (Revsbech et al. 1980, Hines et al. 1982, Aller &
Yingst 1985, Berner & Westrich 1985, Kristensen &
Blackburn 1987).

Depth-integrated (0 to 12 cm) SO, pools increased
from UB to LB (Fig. 2h), paralleling the trend in overly-
ing water salinity (Fig. 2a). Average SO,*" concentra-
tions decreased rapidly with sediment depth at MB

(Fig. 3), and were often below the limit of detection
(2 pM) at depths »10 ¢m during summer. In contrast,
SO,* concentration remained nearly constant with
depth at both UB and LB. Average pore water HS™ at
MB mirrored the trend in SO,%", and increased from
near zero at the sediment surface to >2 mmol 1I"! pore

water below 10 cm (Fig. 3).

Benthic sulfate reduction

The complete Chesapeake Bay LMER data set for
benthic SR rates and bottom water (incubation) tem-
peratures is given in Table 1. Individually measured,
monthly averaged, and model-predicted SRy, for the 3
benthic sites are depicted in Fig. 4. The spatial trend in
SR was MB > LB > UB for all sampling dates. Rates at
UB exhibited little seasonal trend and monthly aver-
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Fig. 3. Average pore water SO,*” profiles

for sites UB, MB and LB (e), and pore water

TH,S profile for MB only (0). Error bars repre-

sent +1 SD (n = 11 to 32). Note the differing
scales for SO,?" concentration

Table 1. Depth-integrated (0 to 12 cm) sulfate reduction rates (SR, mmol m-2d!) and bottom-water/incubation temperature (°C})
for the 1989-1994 Chesapeake Bay LMER program. Standard deviation (SD) represents n = 2 measurements, unless blank (n =1}

Date

1989
10 Mar
18 Apr
18 May
07 Jun
07 Jul
07 Aug
07 Sep
14 Nov
1990
17 Apr
04 Jun
10 Jul

06 Nov

1991
17 Apr
27 May

27 Jul

19 Nov
1992

15 Apr
14 Jul
08 Oct

1993

20 Apr
09 May
17 Jul®
18 Oct

1994
06 Apr
17 Jul
15 Oct

Site UB
°C SRy,
3 0.8
11 0.7
12 0.8
23 10.8
26 3.3
27 3.3
25 6.9
13 2.1
13 1.3
17 0.6
28 1.4
12 2.3
14 0.9
26 3.9
25 7.8
12 3.3
11 5.7
27 7.3
18 4.8
12 2.5
21 1.5
27 109.0
18 4.4
14 2.3
28 4.8
17 4.2

0.8

0.2
1.2
0.1
0.7
1.3
0.1

0.0
0.0

0.1

0.3
14

0.4

1.6

0.2
1.5
0.5

0.6
0.0
96.1
0.8

0.6
0.1
0.2

‘Not included in calculations

Date

1989
11 Mar
19 Apr
19 May
08 Jun
08 Jul
08 Aug
08 Sep
15 Nov

1990
18 Apr
08 Jun
11 Jul
02 Aug
07 Nov
1991
18 Apr
28 May
10 Jun
28 Jul
20 Aug
16 Sep
20 Nov

1992

12 Mar
16 Apr
15 Jul
08 Oct

1993
19 Apr
08 May
14 Jul
19 Oct

1994

07 Apr
18 Jul
16 Oct

Site MB
°C SR,

4 46

9 48
16 156
18 49.9
24 70.6
25 462
25 26.0
16 17.4
10 151
19 18.9
24 32.5
27 411
16 17.2
13 6.0
21 57.8
23 70.4
26 25.7
27 28.2
26 33.9
14 106

6 9.0
12 35.9
22 36.5
19 156
10 19.7
13 155
24 60.5
19 30.3
12 48.3
25 1715
17 20.6

0.9
0.8
1.3
2.6
22
2.0
0.7
0.2

0.7
0.8
1.1

6.5
2.8
10.4
2.6
15.7
1.0

1.3
4.0
0.6
2.5

2.7
19
4.9
6.4

8.7
611
0.4

= Site LB - —
Date e SRy, SD
1989

20 Apr 11 5.8 0.2
20 May 18 9.0 1.7
09 Jun 22 28.8 57
09 Jul 25 334 4.6
09 Aug 25 237 1.9
09 Sep 24 25.2 0.0
1990

19 Apr 12 15.5 1.5
04 Jun 17 192 5.6
12 Jul 26 29.2 5.1
1991

19 Apr 13 6.0 1.5
29 May 23 38.6 59
29 Jul 26 44.1 7.5
21 Nov 14 11.3 1.4
1992

17 Apr 14 157 1.7
16 Jul 24 346 1.8
09 Oct 20 20.8 0.8
1993

20 Apr 12 18.6 2.6
12 May 14 14.4 1.7
15 Jul 19 215 1.8
20 Oct 19 21.3 4.6
1994

08 Apr 12 10.1 1.0
19 Jul 26 27.3 3.1
17 Oct 17 14.0 1.6
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30

UB

In(SR ;)

sites. A model-predicted SR rate maximum
coinciding with the annual temperature
maximum (August) was expected because
the rate of SR, as predicted by Eq. (4), 1s
based solely on temperature. Site-specific

33 3.4 3.5

March-November SR rates calculated via
Method B compared reasonably well with
rates for the same period calculated via
Method A (Table 2). This is not surprising
as the 2 methods use the same data as a
starting point, and thus are not completely
independent of each other. However,

3.6

Method A allowed for the propagation of
error associated with each SR measure-

ment, and subsequently for a direct error
estimate for the March~November inte-
grated rate. In contrast, while the error
associated with the Arrhenius C, parame-

ter is reported in Table 3, the use of this
error in the calculation of temporally inte-
grated SR rates was inappropriate, as it
resulted in an unrealistically large propa-
gated error. Hence, no error estimates are
given for Method B.

Based on the site-specific SR-tempera-

- ture relationships determined by Method B

o
N

we were able to estimate SR rates during

80

Sulfate Reduction Rate (mmol*m-2*d-")

60T

December—February. the period when no
actual measurements were taken. Annual
SR rates over a full year (January-Decem-
ber) were 8 to 11 % greater (all sites) than
the March—-November integrated rates

T +
33 3.4 3.5

—

(1/K) x 1000

38 (Table 2). Thus, roughly 90% of total
annual SR occurred during the spring
through the fall. Annual-integrated SR,
rates accounted for roughly 10% (UB),
30% (MB), and 20% (LB) of the SRy, rates
(Table 2). On average, SR was greatest at
the sediment surface at MB and was con-

Mar Apr ‘ May' Jun Jul Aug' Sep ' Oct Nov

stant with depth at UB and LB (Fig. 5).

Fig. 4. 0-12 cm sulfate reduction rates (SR;,) versus Julian date (depicted

as month interval) for all sampling dates (m}. Error bars represent +1 SD
{n = 2}. Monthly averages are indicated with o and dashed lines. Arrhe-

Sulfate reduction and temperature

nius/temperature model-predicted SRy, rate given as solid line. Arrhenius

style plots [In(SRy2) vs temp.”!] used to calculate model parameters

(Table 3) are inset for each site

ages ranged from 1 to 7 mmol SO,* m 2 d-!. In con-
trast, MB and LB exhibited strong seasonal trends,
with a range in monthly averages of 8 to 66 mmol SO,%"
m~ d!and 11 to 32 mmol SO,2” m~2 d-}, respectively.

Model-predicted SR, rates were maximal during
August at MB and LB (Fig. 4). However, actual mea-
sured SR;, rates were maximal during July at both

The apparent influence of temperature
on SR varled spatially, both among sites
and with sediment depth. The spatial trend
in site-specific C, and A values (LB > MB >
UB) paralleled each other for both SR, and SRy, inte-
gration depths (Table 3). This trend was most pro-
nounced in the surface 0-2 cm interval, which had a
range in C, values of 39 + 17 kI mol™! (UB) to 88 + 13 kJ
mol™! (LB). The variability in rates due to the apparent
temperature influence ranged from 10% (UB) to 52%
(LB) for SR,, and 33 % (UB) to 68% (LB) for SRy, based
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Table 2. Annual 0-2 cm and 0-12 cm depth-integrated SR rates (mol SO,?" m™ yr™!) for the 3 study sites, calculated from the sum
of average monthly rates (Method A), and from the temperature-dependent Arrhenius model (Method B). Standard errors for
Method A are in parentheses. The " of 0-12 cm SR (SR|;} accounted for in the surface 0-2 cm interval is also given

Annual depth-integrated SR "o of SRy,

0-2 cm 0-12 ¢m in 0-2 cm
0.12 (0.00) 1.01 (0.10) 12
2.28 (0.10) 8.54 (1.20) 27
1.14 (0.02) 5.09 (0.24) 22
0.08 0.88 9
2.96 8.56 34
1.07 5.66 19
0.09 0.96 9
3.20 9.62 33
1.13 6.33 18

“Estimated using the March temperatures predicted from the temperature model (Eq. 3) curve fit to the combined MB

®Estimated by assuming a minimum temperature of 3°C on February 1. Daily temperatures between February 1 and
the 2 model endpoints (March 1 and November 31) were calculated by linear interpolation. SR rates from November 31

Site Method Time interval
UB A Mar-Nov
MB A Mar-Nov
LB A Apr-Nov
UB B Mar—-Nov
MB B Mar-Nov
LB B# Mar-Nov
UB B Jan-Dec
MB B® Jan-Dec
LB B® Jan-Dec
and LB temperature data

through March 1 were then calculated using in Eq. (4) and Arrhenius parameters (Table 3)

Table 3. Site-specific temperature characteristic (C,) and pre-

exponential factor (A) values calculated by fitting the Arrhe-

nius style linear regression (Eq. 4) to the 0-2 cm and 0-12 cm

depth-integrated SR rate and temperature data. The regres-

sion 17 is also shown. C, standard errors, given in parentheses,
were calculated from the regression coefficient

Site  Integration C, A r’
depth (cm)  (kJ mol™)

UB 0-2 39 (17) 2.8x10° 0.10
MB 0-2 57 (10) 1.3 % 10" 0.46
LB 0-2 88 (13) 1.8 % 1016 0.52
UB 0-12 49 (11) 2.1x10° 0.33
MB 0-12 56 (9) 2.5%x 10" 0.42
LB 0-12 59 (6) 6.2 x 10" 0.68

on r? values (Table 3). C, and A values were also cal-
culated for all discrete 2 cm intervals, from 0 to 12 cm,
to discern the apparent temperature influence on SR
with increasing sediment depth (Fig. 6). The vertical
trend in A paralleled that of C,, and no significant dif-
ferences were observed in either parameter with
increasing depth at either UB or MB. However, a sig-
nificant (p < 0.05) decrease in C, was observed from
the 0-2 cm to the 4-6 cm interval at LB.

Reduced sulfur

UB had the largest TRS pool size among the 3 study
sites (Fig. 2i) even though SR rates were the lowest at
this location (Table 1). The concentration of in situ

SR (nmol *cm=3*d')
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Fig. 5. Average of all {1989-1994) sulfate reduction (SR) depth

profiles for the 3 study sites. The y-axis depicts the mid-point

depth for each 2 cm interval. Error bars represent +1 SD (n =
23 to 34)

NAVS (assumed to be primarily FeS,) exceeded AVS
(assumed to be primarily H,S and FeS) at all sites
(Fig. 7a—f). UB exhibited an average NAVS mid-depth
maximum, while this fraction linearly increased with
depth at both MB and LB (Fig. 7a-c). The relative
amounts of AVS and NAVS were fairly constant
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Fig. 6. Sediment depth profiles of C,; and A values (from Eq. 4}, calculated using all sulfate reduction and temperature data.
C, error bars, representing =1 SE, were calculated from the regression coefficient

throughout the averaged profiles, with NAVS con-
tributing ~75% to the TRS pool at both UB and MB,
and ~90% at LB (Fig. ?d-f). The fraction of TR¥S
recovered as AV®S, after 4 h incubations, ranged from
38to 67 % (UB), 64 to 84 % (MB), and 65 to 73 % (LB) for
all depth intervals (Fig. 7g-i). Only in the 0-2 cm sed-
iment interval at UB did the recovery of NAV®S

memnn A AYI35
exceed AV™S.,

DISCUSSION
Spatial controls on benthic suliate reduction

The Chesapeake Bay LMER database provides a
detailed description of both spatial and temporal varia-
tion in benthic SR for a complex temperate estuary
(Table 1). A systematic approach is needed to resolve
the time and space components of this robust data set.
We begin here by assessing which factors limit benthic
SR (i.e. electron acceptor or donor availability), spa-
tially, at the 3 contrasting study sites. We focus on
annually integrated SR rates (Table 2) and averaged
site-specific biogeochemical data (Fig. 2) to do this,
while largely omitting temporal considerations in the
current discussion. A quantitative assessment of the
temporal trends and controls on benthic SR will be
addressed in a future publication.

Sulfate-reducing bacteria (SRB) in freshwater and
oligohaline estuarine sediments, where SO,*" concen-
tration is typically low, may exhibit a greater affinity
for SO,°~ than do populations of SRB acclimated to
higher concentrations (Lovley & Klug 1983, Roden &
Tuttle 1993b). Roden & Tuttle (1993b) measured an
apparent half-saturating SO,?~ pore water concentra-

tion (K} of 34 uM for an oligohaline site 6.3 nautical
miles northeast of UB, and K values of 920 to 950 pM
S0O,%" for a mesohaline site. In the current study, pore
water SO, was consistently >400 uM in the top 12 cm
of UB sediment, with an average of 2.8 + 1.8 mM. It is
reasonable to assume the SRB populations at UB more
closely resembled populations in Roden & Tuttle's
nearby oligohaline site than mesohaline SRB popula-
tions. This implies that SO,*" concentration did not
limit SR at UB, assuming similar K values among the
2 oligohaline sites. Thus, C limitation was responsible
for the low SR rates at UB. This is supported by the
PC/PN (Fig. 2e) and 8'°C (Fig. 2k} data which confirm
that much of the organic deposition at UB is refractory
terrestrial material. The UB sediment surface was
more susceptible to wind and high river flow induced
resuspension events, relative to MB and LB, due to
both its shallower water column depth and its proxim-
ity to the Susquehanna River. Continuous resuspen-
sion and deposition of degrading organic material may
have limited the amount of organic C buried below the
aerobic sediment surface, and facilitated aerobic respi-
ration of this material within the shallow UB water col-
umn (Smith & Kemp 1995) and benthic boundary layer.
A large fraction of the phytoplankton produced in the
oligohaline region also may have been transported fur-
ther down-bay, during periods of high river flow, and
deposited in the mesohaline (Biggs & Flemer 1972).
Thus, organic quality, aerobic respiration of labile
organic matter, and abiotic physical processes all may
have played a role in the C limitation of benthic SR at
UB.

The near vertical depth profile of average SR at UB
(Fig. 5), and similar vertical profiles from individual
sampling dates (not shown), implies that the degree of
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Fig. 7 Sediment depth profiles of acid volatile sulfur (AVS)
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after 4 h incubation. All profiles represent the average of
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C limitation of SR was essentially constant with depth.
This was attributed to bioturbation by the resident
macrofauna community, which mixes fresh POM
below the sediment/water interface, partially homoge-
nizes the mixed layer with respect to organic quality,
and fuels anaerobic metabolism at depth (Blair et al.
1996).

The MB average 0-4 cm pore water SO,%~ concen-
tration was 9.4 + 3.0 mM, which was an order of mag-
nitude greater than the K, value of 0.9 mM calculated
for SR in mesohaline Chesapeake Bay sediments

(Roden & Tuttle 1993b), and also exceeded the K|
(1.6 mM SO,?7) calculated for Long Island Sound
marine sediments (Boudreau & Westrich 1984). How-
ever, SO,°" concentrations below 8 cm were often less
than 0.9 mM, or below detection (<2 uM), as SO,*
invariably decreased with sediment depth (Fig. 3). This
implies that at MB, SR was often SO4*" limited at
depth, but not at the sediment surface.

The peak in MB SR, during July followed the depo-
sition of the spring phytoplankton bloom, which typi-
cally occurs in April-May (Malone et al. 1988), but
preceded the annual temperature maximum during
August (Fig. 4). A similar early summer maximum in
SR, rates was reported for site R64 (<0.5 km from MB)
and at another mid-bay flank station (Roden & Tuttle
1993a, Roden et al. 1995). Cowen & Boynton (1996)
also reported a July peak in NH,* flux at MB. In all
cases, the timing of these peak rates was attributed to
the response of the benthic microbial community to
freshly deposited organic matter associated with the
spring bloom. In lieu of bioturbation at MB, the precip-
itous decline in measured rates after July (Fig 4) indi-
cated that much of this material was consumed at the
sediment surface. This is supported by the dispropor-
tionate fraction (33 %) of annual SR, which took place
in the top 0-2 cm sediment interval (Table 2). We con-
clude that C availability limited SR in MB surface sed-
Iments.

At LB, SR was limited by labile organic C at all
depths, as evident by the high pore water SO,* con-
centration (>15 mM) throughout the top 20 cm (Fig. 3},
and the lower values for indices of deposited organic
matter [PC (Fig. 2d), PN (Fig. 2e), chl a (Fig. 2g), and
TOM (Fig. 2j}], relative to MB. As with UB, macrofau-
nal activity at LB likely accounted for the near vertical
trend in the average SR rate profile (Fig. 5). While both
UB and LB were C limited, SR was consistently higher
at LB (Table 1). This was presumably due to the differ-
ing sources of deposited organic matter, with the
larger fraction of terrestrial input at UB associated with
low rates relative to the phytoplankton C dominated
LB, even though the absolute amount of organic load-
ing at UB exceeded that at LB (Fig. 2d, e, ). Thus, the
quality of organic loading in estuarine systems may
play a more important role than the absolute amount of
organic loading in dictating the spatial differences in
benthic SR rates.

Suliate reduction and temperature

The C, values calculated for the 3 study sites
(Table 3) fall within the range 36 to 98 kJ mol™! re-
ported for other coastal marine systems (Crill &
Martens 1987, King 1988, Westrich & Berner 1988, Ro-
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den & Tuttle 1993a), as calculated from annual SR field
data at In situ incubation temperatures. The C, at MB
(56 + 9 kJ mol~!, Table 3) was considerably lower than
the 81 to 87 kJ mol™! calculated for Chesapeake meso-
haline sediments by Roden & Tuttle (1993a). The Ar-
rhenius function was better fit to this earlier data set
(r? = 0.76, n = 9) than to our current data (1> =0.42, n =
32). The observed differences in the response of SR to
temperature among the 2 studies may reflect either
actual among-site (spatial} differences, or differences
in sampling intensity (i.e. temporal heterogeneity).
Spatial variations in the apparent temperature
response of SR were most pronounced at the sediment
surface (Table 3, Fig. 6). The similar spatial trends in
both regression parameters, C; and A, indicate that
either may serve as a relative index of the apparent
response of SR to temperature. However, C, is the
parameter most often used for this assessment. The
poor fit of the Arrhenius model to the UB SR, data (r? =
0.1) may reflect variations in the degree of reduced-S
reoxidation, and thus temporally variable underesti-
mates of SR, in this surface interval throughout the
year (see below). The high 0-2 cm C, observed for LB,
compared with MB, may reflect differences in sub-
strate availability and/or sediment redox conditions,
which could lead to differences in the SRB commu-
nity composition, and thus differences in C; values
observed among sites {Reden & Tuttle 1993b). Westrich
& Berner (1988) noted a general increase in E; with
sediment depth over a much deeper interval (0 to
140 cm), and observed that decreasing SR rates were
correlated with increasing E, values. They attributed
this trend to differences in the quality and/or availabil-
ity of organic substrate among sites. This may in part
explain the apparent stronger response of SR to tem-
perature at LB compared to MB (Table 3, Fig. 6), as SR
rates were always greater at MB for any given temper-
ature (Table 1). However, this does not explain the
decrease in C; values with sediment depth at LB
(Fig. 6), as SR rates remained essentially constant with
depth at this site (Fig. 5). Differences in the SRB com-
munity composition with depth could account for this
trend (Roden & Tuttle 1993b). Alternatively, increasing
temperatures typically lead to increased microbial res-
piration rates and hypoxia. This in turn leads to
increased rates of worm tube ventilation to compen-
sate for the low oxygen conditions (Forster et al. 1995),
and subsequently to increased rates of SR due to
enhanced macrofauna activity (Hines et al. 1982, Hines
& Jones 1985). Thus, the higher C, values at the LB sur-
face sediment ultimately may reflect the effect of tem-
perature on macrofaunal processes which in turn
impact SR rates throughout the year. Thus, the appar-
ent influence of temperature on SR is mediated by the
interaction of multiple factors, such as organic quality

and quantity, sediment redox conditions and macro-
fauna activity, all of which vary along the estuarine
gradient.

Reduced sulfur pool size and burial

The large NAVS pool size, relative to AVS, observed
at all sites and depths (Fig. 7a—f) is a common feature
of marine sediments (Fallon 1987, Swider & Mackin
1989, Roden & Tuttle 1993b). This results from NAVS
(primarily FeS,; Morse & Cornwell 1987) being ther-
modynamically more stable than the readily reoxi-
dized AVS (H,S and FeS) fraction (Kaplan et al. 1963).
While greater than 50% of TR¥S was typically recov-
ered as AV™®S after 4 h %SO,?~ incubations (Fig. 7g-i),
a substantial fraction (16 to 62 %) was recovered as
NAV?®S. This was indicative of rapid FeS, formation
via SR (Howarth 1979, Howarth & Jeorgensen 1984).
Roden & Tuttle (1993a) reported recoveries of 20 to
40% of TR¥S as NAV®S for 0-2 cm mesohaline sedi-
ment (site R64), which compares well with our
observed average of 36 % for the same interval at MB.
Only in UB surface sediment did NAV®*®S recoveries
exceed AV®S (Fig. 7g). This was presumably linked to
high concentrations of reactive iron-(hydr)oxides in the
oligohaline region (>300 umol g~! dry sed.) compared
to further down-bay (<150 umol g~! dry sed.) (Cornwell
& Sampou 1995). High concentrations of reduced Fe
(~300 uM) in pore water during spring (Burdige 1993)
and summer (~40 nM) (Cornwell & Sampou 1995) have
been reported for site UB. This, in addition to the pres-
ence of reduced Mn (~150 pM during spring; Burdige
1993), suggests that dissimilatory Fe and Mn reduction
may also play a role in degradation of organic matter in
the oligohaline reaches of Chesapeake Bay. As a
result, Fe?* appears to be readily available to react
with any sulfide produced via SR, which presumably
results in the rapid formation of FeS. Further, the reac-
tion of metastable FeS with additional sulfide to form
FeS, and SO,% has been linked to the availability of
oxidants (e.g. O, MnO,, NOj") transported to depth in
sediment by biotic and/or abiotic physical mixing
events (Swider & Mackin 1989). Both types of physical
mixing are common at UB. Enhanced trapping of
microbially reduced-S as Fe-S minerals at UB was also
reflected in the large TRS pool at this site compared to
MB and LB (Fig. 2i). This UB TRS pool was also larger
than that previously measured at another oligohaline
Chesapeake Bay site further north (Roden & Tuttle
1993b), primarily due to higher NAVS concentrations
at UB (60 to 150 mmol I"! wet sed.) compared to the up-
estuary site (10 to 25 mmol I"! wet sed.). AVS concen-
trations were similar among both locations (15 to
25 mmo) I"! wet sed.).
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To estimate S burial among sites, we first assumed
that only the NAVS fraction was permanently buried.
Using the average NAVS concentration from the
10-12 cm interval (Fig. 7a-c) and sedimentation rates
of 0.7 (UB) and 0.5 (MB and LB) cm yr! (Owens &
Cornwell 1995, Cornwell et al. 1996), we calculated
NAVS burial rates of 0.73 (UB), 0.43 (MB), and
0.36 (LB) mol S m~2 yr™!, which correspond to 76, 4, and
6%, respectively, of SO,* reduced annually (via
Method B, Table 2). If we assume both AVS and NAVS
fractions were buried, our above estimates increase to
1.13 (UB), 0.57 (MB), and 0.51 (LB) mol S m? yr™! or
118 (UB}, 6 (MB), and 8% (LB) of annual SR. Roden et
al. (1995) similarly used 10-12 cm TRS to calculated a
burial rate of 0.56 mol S m~? yr'! at site R64, which
agrees with our MB estimate.

Our above estimates, based on 10-12 cm TRS con-
centrations, suggest that more S was buried at UB than
was produced via SR. Our first estimate (76 % burial of
S reduced annually), based on NAVS only, was very
similar to the percentage reported (77 + 19 % burial of
S reduced annually) for Cape Lookout Bight sediments
(North Carolina, USA; Chanton et al. 1987). However,
exceptionally high sedimentation rates (10 cm yr )
and a lack of bioturbation accounted for the high bur-
ial rates in that system. Neither of these factors could
explain the high burial rates calculated for UB. A more
likely explanation is that our annual SR rate for UB was
underestimated due to reduced-**S reoxidation during
the *°S0O,*" incubation (Fossing & Jergensen 1990).
This was observed for **S0,2" incubations in excess of
3 h for Chesapeake Bay oligohaline sediments col-
lected north of UB (Roden & Tuttle 1993b). The large
fraction of TR*S recovered as NAV™®S suggests that
sulfide reoxidation at UB may have been linked to
rapid pyrite formation (Swider & Mackin 1989). Alter-
natively, sulfide reoxidation may have been linked to
abiotic iron-(hydrjoxide reduction (Wilkin & Barnes
1996), or to the microbial disproportionation of thiosul-
fate (S,0427) (Jergensen 1990, Jergensen & Bak 1991)
or elemental S° (Thamdrup et al. 1993, Finster et al.
1998) to SO, and sulfide. As the actual amount of
reduced-*S reoxidation during the incubation can
only be assessed with detailed SR time course mea-
surements (Moeslund et al. 1994), we are unable to
directly quantify this for site UB. However, Moeslund
et al. (1994) determined that SR was underestimated
by 5-fold in Aarhus Bay (Denmark) surface sediments
(0-1.5 cm) due to reduced-S reoxidation, but was not
underestimated at depth. If we assume a similar 5-fold
underestimation for 0-2 cm surface sediments at UB,
and no significant reoxidation below this depth, our
estimate of annual SR, increases 30% from 1.0 to 1.3
mol SO, m™? yr'!, and our estimate of reduced-S bur-
ial decreases from 76% to 56% of annual SR. Addi-

tional factors that could account for an overestimation
of burial rates include (1) an overestimation of the sed-
imentation rate or TRS pool size, (2} the input and bur-
ial of additional Fe-S minerals formed external to UB or
(3) the incorporation of reduced-*S species into the
organic-S compounds that would not have been
accounted for in either the inorganic AV*S or NAV*S
fractions. We do not believe that any of these potential
factors were significant, and, without evidence to the
contrary, we conclude that >50% of S reduced annu-
ally is permanently buried at UB.

The low percentage of reduced-S burial at MB and
LB suggest that the majority of reduced-S was ulti-
mately reoxidized at these sites. Sediment profiles
given both by Burdige (1993) and Cornwell & Sampou
(1995) for the 3 benthic LMER sites indicate that MB
had the highest concentration of dissolved Fe in pore
water, reaching levels of 300 to 1000 uM in the 1-3 cm
depth horizon during spring. Pore water Mn also
exhibited a concentration maximum (300 uM) in the
same horizon (Burdige 1993). These observations sug-
gest that, at least during the spring. the reoxidation of
sulfide, and/or intermediate reduced-S species (i.e. S°
and S$,04%7), to SO,*~ may be linked to the reduction of
Fe and Mn oxides at MB (Burdige 1993, Thamdrup et
al. 1993). The subsurface maximum in pore water Fe
was no longer evident by August, and the nearly verti-
cal profile exhibited concentrations much lower
(<50 pM)} than during spring (Cornwell & Sampou
1995). Enhanced sulfide stripping, due to CH, bubble
ebullition, has also been previously suggested for
mesohaline Chesapeake Bay sediments (Roden & Tut-
tle 1992). Our observations support this, as bubble
pockets were often evident in MB cores, particularly
during mid-summer through the fall. In addition to this
advective transport, sulfide may passively diffuse
across the sediment water interface as concentrations
in the sediment build and the redox boundary layer
moves into the water column during the warm season.
Thus, during the summer and fall, much of the free sul-
fide in the mesohaline may be reoxidized in the overly-
ing water column as opposed to in the sediment. At UB
and LB, the lack of both visible bubble pockets and
measurable free sulfide, as well as sub-saturating lev-
els of dissolved CH, (Marvin-DiPasquale unpubl. data),
suggest that neither diffusion nor bubble ebullition
resulted in a significant loss of free sulfide at these 2
sites, and that any reoxidation which occurred did so in
the sediment.

It has been suggested that in organic-rich anoxic
sediments, like MB, pyrite formation may be limited by
enhanced Fe-(hydr)joxide dissolution and the mitiga-
tion of pyrite nucleation and growth due to organic
complexation of reactive iron {Morse & Wang 1997).
Similar low burial rates (~5%) have been observed in
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organic-rich salt marsh sediments (Swider & Mackin
1989). This may also partially explain the low fraction
of reduced-S burial at MB.

March profiles given by Burdige (1993) show pore
water concentrations of Mn linearly increasing to
~75 uM and an Fe maximum (~150 pM) in the 2-3 cm
depth horizon at site LB. During August, the sub-
surface maximum in Fe (~100 uM at 1 cm below the
surface) was still evident, along with a corresponding
maximum in pore water SO,*” in the same horizon
(Cornwell & Sampou 1995). These observations sug-
gest that the reduction of Fe and Mn oxides may also
play a role in reduced-S oxidation in the sandy poly-
haline portion of Chesapeake Bay.

Annual primary production mineralization via
benthic SR

Benthic SR mineralized a substantial fraction of
annual primary production. Kemp et al. (1997) recently
calculated annual gross primary production for the
Chesapeake Bay mainstem from O, production data
collected as part of the LMER program. For the pelagic
zone this was 125 (upper-), 714 (mid-), and 730 (lower-
Bay) g C m™ yr! (calculated from data in Table 1 of
Kemp et al. 1997). From annual SR, rates (via Method
B, Table 2}, wc calculate that SR mineralized 18%
(UB}, 32% (MB), and 21 % (LB) of annual autochtho-
nous organic production, assuming 2 moles of organic
matter (CH,O) were oxidized per mole of SO,*
reduced (Jergensen 1977). If our SR;, rate for UB is
underestimated by ~30%, as argued above, the
amount of annual production consumed via SR at this
site increases from 18% to 25%. Our MB estimate
compares well with that of Roden et al. {1995) who
reported 30 to 35% of annual production was mineral-
ized via SR in the mesohaline Chesapeake Bay. Our
lower estimates for both the UB and LB suggest that
aerobic respiration may play a larger role in phyto-
plankton consumption at these bioirrigated locations,
relative to the non-bioturbated MB. A comparison of
LMER sediment oxygen consumption (SOC) and SR
data suggests that aerobic respiration accounted for a
larger fraction of benthic respiration than did SR at site
UB, but not at LB or MB (Kemp et al. 1997). However,
in light of the high concentrations of reduced Fe and
Mn in UB pore water (discussed above), much of this
SOC may have been due to the reoxidation of these
reduced species, and not due to microbilal aerobic res-
piration directly.

The above calculations assume that the SR;, rates
were measured deep enough to account for the major-
ity of benthic SR. This was probably most valid at MB,
where both S04~ and SR rates decrease rapidly within

the top 12 cm (Figs. 3 & 5). However, at UB and LB the
measured SR, rates may not have incorporated the
complete SR zone, as averaged profiles were nearly
vertical down to at least this depth (Fig. 5). Thus, the
percentage of annual primary production consumed
via SR may be underestimated at these sites, particu-
larly when bioturbation may actively mix freshly
deposited organic material to depth in the sediment.

Estimates of the fraction of organic carbon reaching
the benthos in each Bay region were also given in
Kemp et al. (1997) (from Kerhin et al. 1983) as
0.72 (UB), 0.47 (MB) and 0.47 (LB). From these, we cal-
culate that 25 to 35% (UB), 68 % (MB), and 45 % (LB) of
the phytoplankton detritus deposited to the benthos is
mineralized via SR. Our MB estimate compares favor-
ably with the results of Roden et al. (1995), who con-
cluded that 70 to 85% of newly deposited organic C
was mineralized via SR in the mesohaline region, and
with the ~66 % value reported for Aarhus Bay coastal
marine sediments (Moeslund et al. 1994). The esti-
mates of annual C flow through SR for the oligohaline
and polyhaline Chesapeake Bay, presented here, are
the first reported for these regions. While the current
calculations are crude, and subject to the uncertainty
Inherent in the estimates of deposition, gross primary
production, and reduced-S reoxidation, they suggest
that the extent of C flow through SR may vary greatly
among djstinct regions of an estuary, due to differ-
ences in macrobiological and biogeochemical condi-
tions.

CONCLUSION

As we seek to develop a more detailed understand-
ing of the factors which mediate SR at the ecosystem
level, we need to recognize the often complex interac-
tion of physical, biological, and chemical variables
which impact these processes. Seemingly simple rela-
tionships between rates of microbial metabolism and
temperature, or the availability of suitable electron
donors and acceptors, are often confounded by these
interactions, and are not necessarily constant over
large spatial scales. The results from the current inves-
tigation at site MB confirm earlier assessments of
annual SR rates, reduced-S burial and annually inte-
grated C flow through SR in the mesohaline Chesa-
peake Bay, and extend these measurements to the
oligohaline and polyhaline regions. The transition in
organic quality from primarily refractory terrestrial
material in the oligohaline to more labile phytoplank-
ton further down-bay influenced the spatial distribu-
tion of SR rates more strongly than did the absolute
quantity of organic material deposited. One implica-
tion of this is that practices which limit erosion in the
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upper watershed, thus leading to less turbid conditions
and enhanced primary production in the oligohaline,
may lead to increased rates of benthic SR in this
region. The relative influences of organic quality and
quantity may similarly impact spatial trends of SR in
other estuarine systems which receive significant ter-
restrial organic input. The calculation of C, (or E;) val-
ues from seasonal field data, using in situ incubation
temperatures, does not reflect a measure of microbial
enzyme kinetics explicitly, as it includes other temper-
ature-dependent factors (e.g. microbial community
composition, macrofauna activity, or redox conditions)
which also affect microbial rates. The apparent influ-
ence of temperature on SR rates, measured in this way,
will likely vary spatially, both among different regions
of an ecosystem and with sediment depth. The poten-
tial for enhanced reduced-S burial and reoxidation in
estuarine regions with low rates of SR and high con-
centrations of reactive Fe and/or Mn is an area of bio-
geochemical research which should be pursued fur-
ther. While the qualitative and quantitative analyses
presented here are important for furthering our under-
standing of the role of SR in Chesapeake Bay specifi-
cally, they also provide a framework by which the spa-
tial variations of this important ecological process may
be assessed and compared in other estuarine systems.
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